ABSTRACT The International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines and the IEEE C95.1 standard are currently under revision. In the guidelines/standard, the dominant effect for electromagnetic field exposures at frequencies above 100 kHz is the thermal effect. The whole-bodyand 10g-averaged specific absorption rates (SARs), which are surrogates for core and local temperature elevations, respectively, are set as metrics for exposure evaluation. The external field strengths or incident power density, corresponding to the limit for SARs, are also used as metrics for practical compliance purposes. Although the limits for the SARs are identical amongst the guidelines/standard, the limits for the external field strengths differ by a factor of 7.4-12.9 in an intermediate frequency range (100 kHz-100 MHz). Due to the fact that the standard/guidelines were published before the computation with anatomical human models was available, it is worth revisiting the relationship between the SARs and external field strengths by computations using the human models. Intercomparison using different numerical codes was also performed to verify the results. For the main finding, as expected, the 10g-averaged SAR was a less restrictive factor for whole-body exposure over the frequencies considered in this paper. It was also found that the relationship between SARs and external field strength was satisfied, but was more conservative in the ICNIRP guidelines, whereas there were slight discrepancies below 30 MHz in the IEEE standard. The computational results would be useful for revising the permissible external field strength based on scientific results.
I. INTRODUCTION
The World Health Organization (WHO) reviews scientific literature on potential adverse health effects caused by electromagnetic field exposures, and its conclusion is summarized as the Environmental Health Criteria Monograph. A monograph is now being prepared for radio-frequency field. Based on the review, international standardization bodies provide a recommendation for human safety from electromagnetic fields. For frequencies lower than 300 GHz, the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines [1] and the IEEE International Committee on Electromagnetic Safety standard [2] , [3] are referred to in the WHO documents. The guidelines and standard from these two international organizations are currently under revision for frequency ranges between 100 kHz and 300 GHz in [1] and from 0 Hz to 300 GHz in [2] and [3] . In the frequency range above 100 kHz, the thermal effect is dominant.
In the guidelines/standard [1] , [3] , the specific absorption rate (SAR), which is defined as the power absorption per unit mass, is used as the internal physical quantity. The wholebody averaged SAR is used for whole-body exposure, while the peak value of SAR averaged over 10 g of tissue is used for localized exposure. These metrics are introduced to prevent excess core and local temperature elevations, respectively. The limit for internal physical quantities is referred to as 'basic restriction' (BR) and 'dosimetric exposure limit' in the ICNIRP guidelines and in the IEEE standard, respectively. Since the dosimetric exposure limit was referred to as BR until the revision of C95.1 in 2005 [3] , we thus refer to the limit for the internal physical quantities as the BR henceforth.
It is difficult or virtually impossible to measure the SAR or the internal physical quantity in biological bodies. The external field strength or incident power density corresponding to the limit for internal quantities is referred to as the reference level (RL) in the ICNIRP guidelines and exposure reference level in the IEEE standard. In the following discussion, we refer to the limit for external field strengths as RL, because it was defined as the maximum permissible exposure or reference level in the IEEE 2005 standard [3] . Even though the limits for the BR are identical in the guidelines/standard, the RLs differ by a factor of 12.9 for the magnetic field and 7.4 for the electric field in the intermediate frequencies ranging from 100 kHz to 100 MHz [1] , [3] .
In the IEEE standard, the limit for the RL from 100 kHz to 300 MHz has not been changed from the ANSI standard in 1982. In the ICNIRP guidelines, no apparent rationale for the limit was mentioned in the 1998 guidelines [1] . The SAR evaluation for the whole-body exposure became feasible after the late 1990s with the progress of computational resources and techniques (e.g., [4] ). The limit for the RL should protect human even for the local SAR limit in addition to that for the whole-body averaged SAR. As the standard/guidelines were published before computation with anatomical human models was available, it is worth revisiting the relationship between the external field strength and local SARs as well as the whole-body averaged SAR, especially in the frequency range from 100 kHz to 10 MHz. Many studies have been conducted above 10 MHz (e.g., [5] - [9] ), where the wholebody averaged SAR is important. However, the relationship between the external field strength and local SAR has not yet been evaluated in the frequency range down to 100 kHz. Only a few studies have discussed the local and whole-body SAR simultaneously, and this was above 10 MHz [8] , [10] , [11] .
In the present study, the relationship of local and wholebody averaged SAR with external field strengths/incident power density is investigated in anatomical human body models using different computational methods. Intercomparison using various computational codes is also performed to confirm this relationship. For the first time, computational results with the full-wave analysis and quasi-static analysis are compared for whole-body exposures at intermediate frequencies.
The extreme exposure scenarios, body models, and the postures were not considered considering the description in the draft version of the ICNIRP guidelines and IEEE standard.
II. METHODS
In the frequency range below approximately hundreds of kilohertz, the quasi-static approximation is often used without validation. In contrast, the full-wave analysis is often used at frequencies above 10 MHz. For uniform (plane-wave) exposures, no comparison has been performed in the frequency range considered here. These approaches have been compared in terms of local and whole-body averaged SARs for the first time. To investigate the differences between numerical approaches and different laboratories, three quasi-static and one full-wave analysis methods were considered.
A. QUASI-STATIC FINITE ELEMENT METHOD FOR ELECTRIC AND MAGNETIC FIELD EXPOSURES
The finite element method (FEM) with cubic elements [12] was used at Aalto University. Under the quasi-static assumption, the electric field in the body can be represented as
where φ is the electric scalar potential and A 0 is the vector potential of the incident magnetic field. Owing to the continuity condition, the electric scalar potential in the body satisfies the following elliptical partial differential equation:
with the boundary condition
where σ is the conductivity and Q s is the surface charge induced by the incident electric field. For modeling the exposure to a magnetic field, Q s was set to zero and A 0 was calculated analytically. The exposure to an external electric field was modeled in two steps. First, the external electric potential in air was determined assuming that the body is a perfect electric conductor [13] by solving the following equation and boundary conditions:
n · ∇φ ext = −n · E 0 , on outer boundary
where E 0 is the incident electric field and ε 0 is the permittivity of air. In (5), it is assumed that the outer boundary is at a sufficient distance so that the perturbation in the incident field owing to the body is negligible at the boundary. Two nested grids [13] were used to numerically determine the external potential. The outer coarse grid had a resolution of 24 mm and a separation of at least 3.0 m between the body and the boundary of the computation domain. The body model was resized for the coarse grid. The boundary condition of the outer grid was set to a uniform electric field. The calculated electric field in the outer grid was interpolated and used to set the boundary condition of the inner grid, which had the same voxel resolution as the original body model. The distance of the boundary of the inner grid from the body was at least 12 cm. Finally, the induced charge Q s in each voxel on the body surface was calculated from the normal component VOLUME 6, 2018 of the external electric flux density, and the internal potential was determined by solving (2) and (3) .
The electric scalar potential equations (2) and (4) were discretized using Galerkin FEM with piecewise linear basis functions. The elements were cubical, and the degrees of freedom were the values of the electric potential at the corners of each cube. This resulted in a sparse matrix equation for the unknown scalar potential values. The matrix equation was solved iteratively using the geometric multigrid method [12] .
B. SCALAR POTENTIAL FINITE DIFERENCE METHOD
The scalar potential finite difference (SPFD) method [14] was used at Nagoya Institute of Technology (NITech) and South China Agricultural University (SCAU). The SPFD method sets the branch current instead of the loop current. The unknowns in this method are the scalar potential values at the nodes (corners) of each voxel. Branch currents flowing along the edges of the voxels are then derived from the potential difference between neighboring nodes and the conductivity of the voxels. The branch current calculation also takes into account magnetic vector potential of the applied magnetic field. By applying Kirchhoff's current law at all nodes, simultaneous equations are thereafter established. The potential is subsequently solved iteratively. The electric field along the side of the voxel is obtained by dividing the difference of the potentials between the nodes of the voxel by the distance across the nodes and then adding the vector potential. n Sn ln A0n, (6) where S n , φ n , l n , ω, and A 0n denote the edge conductance derived from tissue conductivity, scalar potential, length between nodes, angular frequency, and magnetic vector potential, respectively. The matrix equations for SPFD were solved iteratively using the geometric multigrid method at NITech, similar to [12] , and the Jacobi iterative method at SCAU [15] .
C. Impedance Method
The impedance method [16] was used at the National Institute of Information and Communications Technology (NICT). In this method, an inhomogeneous human body is modeled as a three-dimensional complex impedance network. Each voxel is associated with permittivity and conductivity corresponding to the location in the human body model. As the impedance is assigned at each edge of the voxel, its values are determined by an average of the dielectric constants of four adjacent voxels, e.g., for the complex impedance along the x-direction:
where ω and ε 0 are the angular frequency and free-space permittivity, respectively. l x , l y , and l z are the edge lengths in the x-, y-, and z-directions, respectively. It should be noted that the impedance elements are locating on the edge of each voxel and, therefore, they reside on the locations (i, j + 1/2, k + 1/2), (i + 1/2, j, k + 1/2), and (i + 1/2, j + 1/2, k) for the x-, y-, and z-direction, respectively, while the voxel center is located at (i, j, k).ε a r denotes the complex relative permittivity averaged over four voxels cube in each direction, e.g., for the x-direction,
ε r denotes the complex relative permittivity. ε r and σ are the relative permittivity and conductivity, respectively, associated with the voxel at the location indexes i, j, and k. Once the impedance network has been constructed, the induced loop currents at each voxel face are thereafter determined by applying an electromotive force according to Faraday's law and solving the system of equations using the successive overrelaxation method. After obtaining the loop currents, the line currents along the edges of each voxel can be calculated from the four loop currents surrounding each edge and the current at the center of each voxel is determined by averaging the four line-currents in each direction. Finally, the internal electric field is computed using the following equation, e.g., for the z-component electric field,
where I c z | i, j, k is the z-component current at the center of the voxel at the location indexes i, j, and k.
D. FINITE DIFFERENCE TIME DOMAIN METHOD
The finite-difference time-domain (FDTD) method [17] is used for full-wave analysis or plane-wave exposures. In this method, electric and magnetic fields are directly discretized in the time and space domains, respectively, and the central difference is used in the discretization process. The mesh is based on cubical cells. As the method is an explicit timedomain method, the matrix computation, which is usually complicated, is not required. Moreover, the method is suitable for parallel computing. The total-field/scattered-field formulation [17] was applied to generate an appropriate plane wave. The computational region was truncated by applying a thirty-layered convolutional perfectly matched layer absorbing boundary. The FDTD computation was conducted at Kitami Institute of Technology (KIT).
E. HUMAN BODY MODELS
To compute the variability of the SAR caused by the model morphology, five anatomic models were considered, including Japanese male and female models named TARO and HANAKO, respectively (developed at NICT, Japan) [18] . These models were segmented into 51 tissue types. NOR-MAN, a normalized adult male model with 37 tissue types, was also used (developed at National Protection Agency (currently, Health New England), UK) [19] . Further, a European male model named Duke and a child model named Thelonious were used (developed at IT'IS Foundation, Switzerland) [20] . These models have over 70 tissue types. The resolution of each model was set to 2 mm. The height, weight, and number of tissues of these models are summarized in Table 1 . The main feature of this study model selection is that the models that were developed at different research organizations were chosen. Three of the selected models are adult males with average body sizes, and thus, they can be used for studying the variability in between individuals of similar body sizes and the differences due to tissue segmentation. The models of an adult female and a three-year-old child were included to gain insight into the effects of body size on the SAR values. Note that the considered body models do not cover the entire population. For instance, models of very thin or obese people as well as models of infants or pregnant women were not included in the study. To incorporate the anatomically based model into the electromagnetic analysis, the electrical conductivity and dielectric constants of the tissues, which depend on the frequency, are required in magneto-and electro-quasi static analysis and full-wave analysis, respectively. These values were obtained from a formula based on the measurements in [21] .
F. EXPOSURE SCENARIOS AND METRIC FOR EVALUATION
One of the models is chosen and assumed to stand in free space. Three sources of exposure were considered: uniform magnetic and electric fields and plane wave.
These three orientations of the magnetic fields that were considered are shown in Fig. 1 . The definition of the directions is based on the Poynting vector for the plane wave. For electric or magnetic field exposures, only one component exists. Its direction is defined as the exposure direction.
For the electric field exposure and plane wave exposures, the electric field direction was chosen to be parallel to the human height direction. For the exposures, both free space and grounded conditions were considered. In the grounded conditions, the body models were assumed to stand on an infinite perfectly conducting ground plane. In the frequency range considered, the human body behaves like a small dipole/monopole, resulting in higher power absorption for standing postures. Although different exposure scenarios were discussed in previous studies [9] , [22] , [23] , such scenarios were not considered in this study based on the public consultation version of the ICNIRP RF guidelines. Also, in the IEEE C95.1 draft standard, it was mentioned that there is no practical way to define a worst conceivable case.
The frequency range considered is to cover the frequency where the guidelines/standard specifies the limit in terms of the external field strength. In the ICNIRP guidelines, the limit for external field strength is prescribed from 0 Hz to 300 GHz, but for the thermal effect, it is greater than 100 kHz. The limit for the field strength is defined up to 100 MHz. Thus, our computation focuses in the frequency range from 100 kHz to 100 MHz.
The SAR can be defined as follows:
where |E| [V/m] corresponds to the maximum value of the sinusoidal electric field, and ρ [kg/m 3 ] and σ [S/m] correspond to the density and conductivity of the tissue, respectively.
To calculate the SAR averaged over 10 g of contiguous tissue and 10 g of tissues in a cube shape were used as specified by the ICNIRP guidelines [1] and the IEEE C95.1-2005 standard [3] , respectively. In [1] and [3] , no detailed algorithm was prescribed. Thus, the algorithm developed by us following the C95.3-2002 standard [24] was used in this study. The whole-body averaged SAR is defined as the total power absorbed in the body model divided by the body weight (provided by the model developers). For grounded exposure scenarios, limb currents were also calculated in order to discuss the limit set in the guidelines [1] .
At each frequency, the calculated whole-body or local SAR values were used to determine the maximal external magnetic/electric field strengths that satisfied the BRs. The obtained field strengths could then be directly compared with the RLs in the IEEE standard and ICNIRP guidelines.
In addition, for considering the variability of SARs between different laboratories (NITech, SCAU, NICT, and VOLUME 6, 2018 Aalto), a reference value A r is introduced as the mean value over the results obtained by the four research groups. The relative difference, D, between the reference value and the results calculated by either one of the groups is defined by the following expression:
where the subscripts r and i correspond, respectively, to the data for the reference value and that obtained by the i-th group.
There is computational uncertainty in the grid (model) resolution at 2 mm. Using the FDTD method, the resolution of 2 mm was compared to 1 mm by Kühn et al. [8] , who found that the uncertainty in the peak 10-g SAR was less than 0.25 dB (6%), calculated at 835 MHz and 2140 MHz. The uncertainty in WBA-SAR was smaller (0.1 dB, 2%). The uncertainty in the SAR due to grid size is known to further decrease at lower frequencies [25] . In the quasi-static computational methods, the iteration continues until the relative residual is less than 10 −6 . The estimated error in the local electric field for this relative residual is less than 0.5% [12] , and thus, its impact on the local and WBA-SAR may be ignored. Fig. 2 shows the SAR distributions in TARO for uniform magnetic field exposure with different exposure directions. The computational results obtained by NITech are plotted. The magnetic field strength was 1.0 A/m and the frequency was 10 MHz. As shown in Fig. 2 , the SAR distributions were different for different field directions. The in situ electric field is induced by the magnetic field based on Faraday's law, which assumes that the human body is a poor conductor. The field strength becomes the maximum around the model surface (see AP exposure as an example).
III. COMPUTATIONAL RESULTS

A. MAGNETIC FIELD EXPOSURE
The frequency dependence of the external field satisfying the local peak and whole-body SAR limits is computed for a uniform magnetic field in the frequency range from 100 kHz to 100 MHz. In the magneto-quasi-static regime, the ground plane or metallic object does not perturb the external field distribution, and thus, the human model is placed in free space. As shown in Fig. 3 (a) and (b) , the whole-body and local SARs computed by NITech satisfied the limit prescribed in the IEEE standard [3] and ICNIRP guidelines [1] , [26] . The whole-body SAR was more restrictive than local SAR, though were comparable in the AP direction. The worst case for TARO is in the AP direction (Fig. 3) . The variability of SARs in the different models is computed as shown in Fig. 4 for AP magnetic field exposure. As shown in Fig. 4 , the whole-body averaged SAR increases for models with larger height and weight (see Table 1 ). The SAR in the child model was much smaller than that in the adult. Moreover, in all the models except for Thelonious, the worst exposure direction was in the AP direction.
To analyze the results obtained by different groups, the relative difference D for the SAR in TARO for a uniform magnetic field exposure of three directions at 0.1, 10 and 100 MHz is listed in Table 2 . Also, Table 2 lists the comparison of the results in the Duke model for magnetic field exposure in the AP direction to consider the effect of different anatomical model. The maximal relative difference was 25.1%, which was observed for the local SAR (Head & Trunk) at 100 MHz in the AP direction (computed at NICT). This difference might be attributed to the differences in the computational methods; the influence of the displacement current was considered by NICT using complex conductivity (See Sec. II. C). This is also supported by the fact that the difference is the largest for the AP exposure direction where the body dimension effect is largest [35] . In addition, VOLUME 6, 2018 the mean relative difference by four groups was 5.4%, 6.2% and 7.5% at 100 kHz, 10 MHz and 100 MHz, respectively, suggesting that the displacement current effect becomes large with the increase of the frequency.
B. ELECTRIC FIELD AND PLANE-WAVE EXPOSURES
The effects of electric field and plane-wave exposures were examined by Aalto and KIT, respectively. The plane wave occurred from the AP direction and the electric field was in the TOP direction (Fig. 1). Figs. 5 (a) and (b) show the SAR distributions in the Japanese male adult in free space at 60 MHz and that grounded at 30 MHz for electric field and plane-wave exposures. As shown in Fig. 5 , the local SAR shows a peak around the ankle for both of the cases, which is attributable to its small cross-sectional area. The distributions for electric field and plane-wave exposure are similar to each other, suggesting that the SAR is mainly caused by the electric field. Fig. 6 (a) and (b) show the frequency dependence of the whole-body and local SAR in the human standing in free space and in the grounded plane from 100 kHz-100 MHz. The results of the Duke in [10] and the TARO in [11] are also presented, which are in good agreement with our results obtained in this study. As shown in Fig. 6 (a) , the whole-body SAR is a more restrictive factor to set the RL in free space, but not for the grounded case, especially below 30 MHz where the SAR in the limb becomes more restrictive (Fig. 6 (b) ).
As shown in Fig. 7 , the comparison of the whole-body averaged SAR between the plane-wave and electric field was at most 10% below 30 MHz for the human standing in free space and 10 MHz in grounded cases. These frequencies are the upper limits of validity for the quasi-static approximation. The violation of the quasi-static assumption is also visible in Fig. 6 , where the curve for quasi-static approximation crosses the RL around 60 MHz and 30 MHz. On the contrary, this phenomenon is not observed for the plane-wave exposure. The contribution of the magnetic field, corresponding to the plane wave, was at most 1%, (not shown here). This difference thus suggests that the contribution of the electric field is predominant for exposure in this frequency range (parallel to the human height direction). Fig. 8 shows the variability of the whole-body average and peak 10-g SARs in different models for electric field and plane-wave exposures. As shown in Fig. 8 (a) , the curve of the whole-body-averaged SAR has a bottom at approximately 30 MHz. The violation of RL to the computed whole-body averaged SAR was observed below 30 MHz in the IEEE standard. As shown in Fig. 8 (b) , the curve of the local 10-g SAR has a bottom at approximately 30 MHz. However, in the Duke model, the bottom appeared at approximately 30 MHz and the slope below that frequency was different from the others. This is attributable to the contact condition of the sole; peak 10-g SAR appeared around the thumb toe. In other models, it was observed around and above the ankle. Except in this model, the discrepancy was minor at approximately 30 MHz and some discrepancy below 30 MHz was observed, as in Figs. 8 (a) and (b) . Fig. 9 shows the limb current required for 2 W/kg of local 10-g SAR. As shown in Fig. 9 , discrepancy was observed only for the Duke model, as discussed in the results of the peak 10-g SAR in the ankle. 
IV. DISCUSSION
For magnetic field exposure, the whole-body averaged and local SARs were computed at frequencies below 100 MHz (see Fig. 3 ). We thereafter observed that the whole-body averaged and peak 10-g averaged SARs were below their corresponding BRs for exposure at the amplitude of the RL; it was the first confirmation that the RL can warrant simultaneously local and whole-body averaged SAR BR at frequencies from 100 kHz to 10 MHz. The worst case for the local SAR is the exposure in the AP direction, which is consistent with the tendency at low frequencies (< 100 kHz) where the nerve stimulation is dominant [27] . Note that in the regime where electrostimulation is dominant, the physical quantity for BR is the internal electric field strength averaged over a 2-mm cube in ICNIRP [1] and 5-mm line segment in IEEE [2] , and thus, direct comparison is not feasible.
From Fig. 4 , the variability of the whole-body averaged and peak 10-g averaged SARs is consistent with that at low frequencies; the SARs have a tendency to be higher in the models with larger sizes. One reason for this is that, by Faraday's law, a larger cross-sectional area of the body produces a larger induced field [28] . However, this is not always true as also shown in [11] , where the local SAR in the child model was larger than in the adult models in some cases. This can be attributable to the model inhomogeneity. As shown in [11] , the position where peak local SAR appears are different. Similarly, for low-frequency uniform exposures, the in situ electric field of 2-mm cube in the large and fatty model was not always larger than that in typical adult models [29] .
The computational difference between groups is confirmed to be less than approximately 25% in the local SAR and 10% in the whole-body averaged SAR, which is consistent with a previous intercomparison for an in situ electric field [30] (< 10 % in peak internal electric field) and a local SAR for exposure from handset antennas [31] (< 30%). The SAR is proportional to the square of the electric field and thus the differences in the intercomparison at LF and IF are consistent. This difference may support the description of the public consultation version of the ICNIRP guidelines that dosimetric uncertainty associated with deriving exposure values can be included in the reduction factor. Also note that this is included in the safety factor in the draft IEEE standard. In the LF dosimetry, NITech and Aalto University conducted the intercomparison of voxel internal electric fields in different models. Then, the uncertainty in the dosimetry was comparable for different exposure directions [32] .
As shown in Figs. 6 and 8, local and whole-body averaged SARs were also computed for exposure to electric fields to confirm the relationship between BR and RL. From computational results of the local SAR in free space, the relationship between BR and RL was satisfied; it was substantially conservative for the ICNIRP guidelines and had a slight excess below 40 MHz for the IEEE C95.1 standard. Instead, the whole-body averaged SAR in the child model exceeds the reference level by 30%, which is consistent with the previous studies [4] , [6] - [9] , [33] . Moreover, in some of the models, local SARs in the ankle are not satisfied for the grounded models. As mentioned in the results section, the SAR around the ankle largely depends on the contact condition of the ground and sole; in the Duke model, only a few voxels contact the ground, resulting in locally high SAR value only in that area. Such computational results using special grounded conditions may not be appropriate for guideline setting, though it is worth presenting them here to know the physical phenomena in the dosimetry. For example, in the low-frequency dosimetry, computational uncertainty is extensively discussed [34] .
The maximum frequency where the quasi-static approximation is valid is specified below approximately 10 MHz for grounded humans and 30 MHz for humans standing in free space. This regime has been clarified for uniform field exposures by using both full-wave and quasi-static approaches. The conditions for quasi-static approximation are: (i) the body length is much shorter than both the free space wavelength and the skin depth, and (ii) the conduction currents dominate the displacement current [35] . The effect of the displacement current is approximately 10% in brain tissue and skin at 10 MHz. The frequencies specified above are approximately a half of the resonance frequency (10 MHz and 30 MHz in ground and in free space), and thus, the limiting factor of quasi-static would be the body height. The tendency was similar to the discussion on effectiveness of quasi-static approximation for non-uniform field exposures from a wireless power transfer system [36] .
Notably, grounding of a human body might not occur in realistic exposure scenarios. Possible scenarios corresponding to the grounded human would be a human wearing shoes with conducting rubber soles, and a human with wet shoes standing on wet ground. The latter case may represent the intermediate situation of the free space and grounded cases. As shown in Fig. 5 , the ankle SAR becomes significant both for grounded and in free space. Once ungrounded, the RL in the IEEE and ICNIRP would be well satisfied for electric and plane-wave exposures. Similar discussion can be found on whole-body averaged SAR in grounded humans at higher frequencies [37] - [39] .
In the ICNIRP guidelines and IEEE standard, the compliance with the reference level in the limb current becomes essential when the field uniformity is high, which is designated for local SAR compliance. The corresponding limit for the limb current is 45 mA for the general public. If this limit is applied simultaneously, the local and whole-body averaged SARs are well satisfied. In realistic exposure scenarios, the field strength averaged over the volume where the human exists is non-uniform, and thus, limb current assessment around the ankle becomes essential for grounded humans or similar cases.
Only typical human body models were considered in this study. In addition to the body model morphology, additional factors, including dielectric properties of tissue and model postures, should be considered. As mentioned in the IEEE C95.1 draft standard, the uncertainties in computational models and those in dosimetry have been included in the safety factor. To further investigate variability of SAR, the validation of measurement on SAR and parameters related to the SAR, especially for human volunteer studies, would be needed (e.g., [40] , [41] ).
V. CONCLUSIONS
In this study, we conducted intercomparison of internal physical quantities for human model exposure to an electromagnetic field in the intermediate frequency (mainly from 100 kHz to 10 MHz). The feature of this intercomparison was that different computational approximations, i.e., quasistatic approximation and full-wave analysis, were applied. The maximum frequency where the quasi-static approximation is valid is specified below approximately 10 MHz for grounded humans and 30 MHz for humans standing in free space. Subsequently, we derived the relationship between local SARs and external field strength from 100 kHz to 100 MHz. Especially, the SARs for the exposure to the magnetic field from 100 kHz to 10 MHz and the local SARs in the limb grounded case have not been previously reported. We thereafter suggested that the reference level in the ICNIRP is very conservative at frequencies below 30 MHz whereas some marginal discrepancy exists in the IEEE C95.1. Another finding was that the local SARs are generally satisfied even for the RL designed for whole-body averaged SARs both for magnetic and electric fields. The results obtained here would be useful when revising and harmonizing the difference of reference levels set by ICNIRP and IEEE. 
